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Simulation of Oculomotor Post-Inhibitory Rebound Burst
Firing Using a Hodgkin-Huxley Model of a Neuron
INTRODUCTION
Saccades are characterized by a rapid shift of gaze from one point of fixation to another, eye movements that are used in reading and quick scanning. Although the purpose for this type of movement is clear, that is to quickly move the eyeball to the target, the neural control strategy is not. Studies of the saccadic control mechanism have been based on the system identification technique and control systems [l]- [2] , single-unit microelectrode recordings (for example, see [3] - [4] ), muscle tension measurements, and general observations from the main sequence diagram [1] . In comparison with other systems, the oculomotor system is the best understood of all human control systems. However, significant and important differences still exist regarding the control mechanism during saccadic eye movements. Physiological evidence indicates that saccades are controlled through a parallel distributed network involving the cortex, cerebellum, and brain stem. The saccadic neural activity of the superior colliculus and cerebellum, in particular have been identified as the saccade initiator and terminator, respectively, although neither is required for a saccade.
Enderle and coworkers have developed a new physiological neural network for saccade eye movement control [5] . Based on electrophysiological evidence, eye-movement measurements and systems control theory, a new local feedback model of horizontal saccadic neural control is described in [5] . The neural control mechanism is first order time optimal with pronounced stochastic rebound neural firing after marked inhibition. The neural circuit consists of neurons in the Paramedian Pontine Reticular Formation (PPRF), consisting of burst, tonic and pause cells, the vestibular nucleus, abducens nucleus, oculomotor nucleus, cerebellum, substantia nigra, nucleus reticularis tegmenti pontis, the thalamus, the deep layers of the superior colliculus and the oculomotor plant for each eye. The neural circuit is shown in Figure 2 of [5] . Agonist burst cell activity is initiated with maximal firing due to an error between the target and eye position, and continues until the internal eye position in the cerebellar vermis reaches the desired position, then decays to zero. The cerebellar vermis is also responsible for adapting the duration of maximal firing based on the initial position of the eye. Due to prior pause cell inhibition of the burst cells, stochastic rebound burst cell firing occurs, resulting in a temporary rise and fall firing above the maximal steady state burst firing level. Antagonist neural activity is inhibited during the agonist burst activity. After the agonist burst, antagonist neural activity rises with a stochastic rebound burst and from input from the fastigial nucleus, then falls to a tonic firing level necessary to keep the eye at its destination. The onset of the antagonist tonic firing is stochastic, weakly coordinated with the end of the agonist burst, and under cerebellar control.
To execute a saccade, a sequence of complex activities takes place within the brain, beginning from the detection of an error on the retina, to the actual movement of the eyes. A saccade is directly caused by a burst discharge from motoneurons in the agonist muscle and a pause in firing from motoneurons in the antagonist firing (pulse). During periods of fixation, the motoneurons fire at a rate necessary to keep the eye stable (step). The pulse-step discharge in the motoneurons is caused by discharges in the PPRF.
Qualitatively, a saccade occurs according to the following sequence of events within the PPRF. 
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Avail and /or Special the fastigial nucleus, there are no other accepted excitatory inputs to the EBN. The spontaneous firing within the EBN is the subject of this report.
The burst firing in the ipsilateral IBN inhibit the contralateral EBN and abducens nucleus, and the ipsilateral oculomotor nucleus. The burst firing in the ipsilateral EBN cause the burst in the ipsilateral abducens nucleus, which stimulates the ipsilateral lateral rectus muscle and the contralateral oculomotor nucleus. With the stimulation of the ipsilateral lateral rectus muscle by the ipsilateral abducens nucleus and the inhibition of the ipsilateral medial rectus muscle via the oculomotor nucleus, a saccade occurs in the right eye. Simultaneously, with the contralateral medial rectus muscle is stimulated by the contralateral oculomotor nucleus and with the inhibition of the contralateral lateral rectus muscle via the abducens nucleus, a saccade occurs in the left eye. Thus the eyes move conjugately under the control of a single drive center. The saccade is terminated with the resumption of tonic firing in the OPN via the fastigial nucleus.
POST INHIBITORY REBOUND BURST FIRING
Electrophysiological evidence for post-inhibitory rebound burst firing activity during saccadic eye movements is prevalent in the literature. This behavior is described by large and maximal neural firing rates without any regard for the size of the eye movement or apparent stimulation. The cause for the phenomenon is not known. In this paper, post-inhibitory rebound burst firing activity after marked hyperpolarization is postulated to occur in the PPRF due to a low membrane threshold voltage within the axon hillock of the neuron. With this biophysical property, a single neuron is capable of firing at high rates automatically without stimulation when released from inhibition. According to the hypothesis of this paper, when released from inhibition, the EBN maximally fire automatically and without stimulation. Ipsilateral EBN are uninhibited at the start of the saccade, and contralateral EBN are uninhibited at the end of the saccade. We refer to this activity as a post inhibitory rebound bursting.
Support for post inhibitory rebound burst firing activity is derived from the reports by many investigators (see investigators in [5] ). One investigator describes rebound burst responses from thalamic neurons after very marked hyperpolarizations. Other investigators report neurons within the thalamus that allow them to serve as single cell oscillators based on multithreshold activity levels. Because the EBN have no known inputs besides the fastigial nucleus, the EBN are modeled as firing spontaneously when released from inhibition. This appears to be an essential property of the neuron, since EBN fire after release from inhibition even after the fastigial nucleus is lesioned.
HODGKIN-HUXLEY MODEL OF A NEURON
To investigate the effect of threshold voltage on the firing characteristics of a neuron, simulations are carried out using the nonlinear Hodgkin-Huxley model of neuron, which describes the membrane potential at the axon hillock due to conductance changes [6] . The equation, parameterized for the giant squid axon, defines membrane potential V 0 as a function of stimulus current I m and active gate conductance for sodium and potassium, and is given by Each of the variables in this model are described in [6] , and reflect the voltage and time dependence of sodium and potassium channels on the membrane potential. To investigate the effects of low threshold voltage, simulations using the Hodgkin-Huxley model of a neuron are carried out using TUTSIM, a continuous time simulator. Threshold voltage is defined as when the sodium current, \ m , characterized by the m and h differential equations, is greater than the potassium current, i K , characterized by the n differential equation. Since sodium current changes more quickly and rapidly than the potassium current, changes in threshold voltage are accomplished via changing parameter values in the sodium equations. Sodium current has a rising component (the m equations) and a falling component (the h equations). Thus changes to threshold are easily carried out by changing the value of 25 to a lower value in the algebraic equation for a,".
To illustrate how changing threshold voltage effects the firing rates of the neuron, three simulations are presented: a normal action potential stimulated by a current pulse of 17|iA for 5.88 ms with no initial hyperpolarization as shown in Figure 1 , a single burst firing of the neuron after coming out of marked hyperpolarization with the normal threshold voltage and without stimulation as shown in Figure 2 , and automatic maximal burst firing of the neuron after coming out of marked hyperpolarization with a low threshold voltage and without stimulation as shown in Figure 3 . 
DISCUSSION
The objective of this study was to investigate and postulate a mechanism based on biophysical phenomenon for post inhibitory rebound burst firing observed in EBN in the PPRF during saccades. This behavior is described by large and maximal neural firing rates without any regard for the size of the eye movement or apparent stimulation. Using a Hodgkin-Huxley model, simulation results support a post inhibitory rebound burst firing activity after marked hyperpolarization which is postulated to occur in the PPRF due to a low membrane threshold voltage within the axon hillock of the neuron. With this biophysical property, a single neuron is capable of firing at high rates automatically and without stimulation when released from inhibition. According to the hypothesis of this paper, the EBN has this property and when released from inhibition automatically and maximally fires without stimulation. The EBN are inhibited at all times except for the ipsilateral EBN which are uninhibited at the start of the saccade, and the contralateral EBN which are uninhibited at the end of the saccade.
Using the model of an EBN, which automatically and maximally fire without stimulation when released from inhibition, it is possible to explain many post saccade phenomenon, such as dynamic overshoot and glissades. Enderle and coworkers have shown it is possible to describe post saccade phenomenon with a common mechanism involving the firing activity in the contralateral EBN at the end of a saccade [5] . The work presented here further supports this mechanism by providing biophysics evidence.
Not considered in this paper is a more full and exact description of EBN firing activity. Note that the firing rates of these simulations are not characteristic of the EBN, which fire at much higher rates, but simply to show such a mechanism exists. Future work will involve modeling the EBN more exactly with a Hodgkin-Huxley model, including the potassium and sodium conductance channels, and also include potential dynamic changes in threshold voltage with time after marked hyperpolarization.
